Spintronics exhibits significant potential in neuromorphic computing system with high speed, high integration density, and low dissipation. In this letter, we propose an ultralow-dissipation spintronic memristor composed of a synthetic antiferromagnet (SAF) and a piezoelectric substrate.
system developed on the traditional microelectronic element, such as Complementary Metal Oxide Semiconductor (CMOS) is much larger than that of the brain. Thereover, several functional devices are candidates for the implementation of ANN, such as memristors [1] , phase change memory [2, 3] , ferroelectric tunneling junction [4] , and spintronic devices [5] [6] [7] . Among them, spintronic devices with the advantages of high speed, high integration degree, and low energy consumption unveil the great potential for developing novel ANN systems, while extensive research about ANN applications based on spintronic devices such as spin-torque oscillators (STOs) [5, 6] , spintronic memristors and neurons [8] [9] [10] [11] [12] [13] have been proposed.
Research on spintronic memristors, which used to construct synapses in a neural network, is one of the major research directions. A typical realization is based on the current-induced domain wall motion in the free layer of an MTJ, in which the resistance can be tuned by adjusting the percentage of areas of two different domains separated by the domain wall, to mimic the plasticity of synapses [8] [9] [10] . Therefrom, spintronic memristor based on the current-induced motion of skyrmions is proposed, showing the accessibility to imitate the potentiation and depression of synapses [14, 15] .
However, the current-induced dissipation may hinder the applications of spintronic memristors.
Recently, research on the manipulation of magnetization by electric field leads to a low power method to change the magnetic structure in a multiferroic heterostructure composed by ferroelectric and ferromagnetic materials [16] [17] [18] . In general, the magnetic structure is modified via an electricfield-induced variation of magnetic anisotropy energy [19, 20] . Very recently, Wang et al. report that the Ruderman-Kittel-Kasuya-Yosida (RKKY) exchange coupling strength in a synthetic antiferromagnet (SAF) on a piezoelectric substrate can be also effectively tuned by electric field [21] . In this work, we report that the electric-field-induced variation of the RKKY exchange coupling strength can give rise to a transition between a big skyrmion bubble and a small skyrmion with ultralow dissipation. This results in a wide range variation of resistance of MTJ, which provides a way to build up spintronic synapse in an energy-efficiency way.
Simulation methodology. Micromagnetic simulation is carried out using Object-Oriented Micromagnetic-Framework (OOMMF) software with the code of interfacial Dzyaloshinskii-Moriya Interaction (DMI) [22] . The model is a circular SAF multilayer composed by ferromagnetic (FM) Pt/Co layers or ultrathin CoFeB layers with perpendicular magnetic anisotropy (PMA). They are two representative compositions for numerical investigation about skyrmions. The two FM layers in SAF have distinct magnetic anisotropy energy (Fig. 1) . The magnetic moments in the lower FM layer are parallel aligned due to its strong anisotropy energy, while a skyrmion bubble/skyrmion can be generated in the upper layer due to its weaker anisotropy energy. For an SAF multilayer (CoFeB/Ru/CoFeB) on a piezoelectric substrate, the Jex can be manipulated by an external electric field [21] . Here, the electric-field-induced changing of magnetic anisotropy energy is neglected, of which the validity will be discussed below. Transition between a big skyrmion bubble and a small skyrmion. Initially, the single circular FM plate with an R of 200 nm was divided into two concentric circles. The magnetic moments of the inner one with a radius of 170 nm were set to be along the + z axis, while the remaining were along the − z direction. After a relaxation for several nanoseconds, a typical skyrmion bubble with the radius (Rs) of 165 nm was generated. The moments inside are parallel to + z direction, and a sharp transition of moment orientation from + z to − z direction happens across a Néel-typed DW at the boundary of the bubble. The canting of moments near the edge of the plate is due to the DMIrelevant edge effect [22] . (Fig. 2) . Therefore, the stray field from the ultrathin lower layer of SAF had little impact on the structure of the skyrmion bubble. On the other hand, the size of the skyrmion bubble for Pt/Co and CoFeB is almost the identical.
When Jex is considered, the big skyrmion bubble is converted into a small skyrmion while increasing Jex (Fig. 3(a) ) In addition to dissipation, the device size is another important factor for applications. The transition between the skyrmion bubble and skyrmion in the circular plates with different R (50 nm ~ 200 nm) was also simulated (Fig. 4) . In all sizes, the Rs of skyrmion bubble decreases mainly This can be reflected from the relative change of net magnetization in the upper layer, which is defined as ∆Mz/MS, where ∆Mz is the change of magnetization in the transition, and MS is the saturation magnetization. This ∆Mz/MS is reduced with decreasing size of the plate. However, as to Pt/Co, when the R of the plate is larger than 100 nm, it is still larger than 50 %, showing the possibility of an effective manipulation of resistance. For CoFeB, to obtain the ∆Mz/MS that is larger than 50 %, the R needs to increase to > 150 nm. CoFeB is quite different. For Pt/Co, the τ in this processing is 2 ns or shorter, which means the device has a high response speed under an ultrashort voltage pulse. Nevertheless, the τ of CoFeB is longer than 10 ns, but the τ of tens of ns is still very short for a memristor. On the other hand, the relaxation time for increasing Rs is longer than that for reducing Rs, which is originating from the variation of total free energy with Jex ( Fig. 5(b) ). The enhancement of RKKY interaction results in a decrease in energy, which corresponds to a faster relaxation process. 
Here, t is the thickness of the upper layer with skyrmion bubble/skyrmion; r is the distance from the center of the plate; K(u) and E(u) are the complex elliptic integrals of the first and second kind for determining the demagnetization of a bubble system. The Keff here is the effective magnetic anisotropy constant, which mainly depends on the KL, while the KU is very small comparing to the strong anisotropy energy of the lower layer and the interlayer exchange coupling. The edge energy originates from the interaction between the DMI-induced canting moments at the edge of the plate and the moments at the boundary of a skyrmion bubble. The edge energy is assumed to satisfy a quadratic function with r so that it increases drastically when the boundary of the skyrmion bubble moves close to the plate edge. The k is the coefficient of edge energy. The total free energy (E) is the summation from (1) to (6) , and the Rs for a stable skyrmion bubble/skyrmion is obtained by resolving the equation with r as a variable: , the Rs at different Jex is calculated using Eq. (7). As shown in Fig. 6 , the solution of (7) is comparable to the simulation result. The small difference may be attributed to the error in calculating the edge energy. The operating dissipation of the skyrmion-based spintronic memristor can be estimated. We consider a circular PMN-PT substrate with the R = 200 nm and the thickness t = 100 μm. Based on the relative dielectric constant of PMN-PT (3000) [27] and E = 0.4 kV/cm, the dissipation for the transition between a skyrmion bubble and a skyrmion is estimated to be smaller than 3 × 10 −16 J (0.3 fJ), which is much less than the magnitude of dissipation from the same transition triggered by magnetic field or current.
Summary and outlook. In conclusion, the transition between a big skyrmion bubble and a small skyrmion based on the varying interlayer RKKY antiferromagnetic coupling was studied. This transition mainly happens in a small range of weak RKKY exchange coupling and is not sensitive to the parameters such as DMI and magnetic anisotropy. Since the RKKY exchange coupling of a CoFeB SAF can be modulated by the multiferroic behavior, the highly efficient voltage control of RKKY exchange coupling is proved, giving rise to build up skyrmion-based spintronic memristor with ultralow energy consumption. These results unveil the potential for developing novel artificial synapse device with small size, high computing speed, and ultra-low dissipation. Therefore, further experimental investigation is very expected. On the other hand, when compared to CoFeB, the artificial synapse based on Pt/Co seems to have advantages in high computing speed. However, the experimental work about voltage-induced manipulation of RKKY in Pt/Co SAF has not been reported. This also deserves further investigation.
